Abstract: Sepiapterin reductase (SR) is a key enzyme involved in the biosynthesis of tetrahydrobiopterin (BH 4 ), an essential cofactor for the synthesis of important biogenic amines, including catecholamines and serotonin. BH 4 deficiencies have been implicated in several neurological disorders. Here, we characterized sepiapterin reductase (SR) loss-of-function mutants in Drosophila melanogaster and demonstrated that SR mutations are responsible for hyposensitivity to oxidative stress. Biochemical analysis further revealed that SR activity and BH 4 levels in SR mutants were significantly reduced. Furthermore, we showed that the levels of phosphorylated Akt and total Akt protein were increased in SR mutants. Our findings indicate that SR plays an important role in the Akt pathway and that SR mutants will be a valuable tool for investigating the physiological functions of BH 4 .
Introduction
Sepiapterin reductase (SR), which catalyzes the terminal reaction in the biosynthesis of tetrahydrobiopterin (BH 4 ), is an essential cofactor for nitric oxide synthase, alkylglycerol monooxygenase, as well as aromatic amino acid hydroxylases such as phenylalanine hydroxylase (PAH), tyrosine hydroxylase (TH), and tryptophan hydroxylase (TPH). PAH catalyzes the conversion of phenylalanine to tyrosine, which is the first and the rate-limiting step in phenylalanine degradation, which occurs in the liver. Mutations in the PAH gene cause phenylketonuria (PKU), a metabolic disease that causes mental retardation due to the accumulation of phenylalanine. TH and TPH are the rate-limiting enzymes necessary for the synthesis of dopamine and serotonin in the brain, respectively [1] [2] [3] . Mutations in the TH gene have been implicated in the development of brain disorders such as Segawa's disease, Parkinson's disease (PD), and schizophrenia [4] , while mutations in the TPH gene are known to be associated with depression. BH 4 deficiency can lead to similar phenotypes, suggesting that mutations in the BH 4 gene are causative in the onset and progression of these diseases [5] . In addition to its role as a cofactor, BH 4 is also thought to exert antioxidant effects. Several studies have reported that BH 4 can reduce oxidative stress by scavenging reactive superoxide in dopaminergic neurons and also attenuates NO-induced endothelial cell death [6, 7] .
The de novo pathway of BH 4 biosynthesis is well established and conserved in Drosophila [8] [9] [10] [11] . The first is the rate-limiting step where GTP cyclohydrolase I converts GTP to 7,8-dihydroneopterin triphosphate (H 2 -NTP). H 2 -NTP is then converted to 6-pyruvoyltetrahydropterin (6-PTP) by 6-pyruvoyltetrahydropterin synthase (PTP synthase) and, finally, to BH 4 by SR.
Several studies have suggested that SR is linked to PD, a progressive neurodegenerative disorder characterized by the selective degeneration of dopaminergic neurons. The PARK3 locus harbors the SR gene, which was shown to be associated with the development of age-dependent onset of PD [12, 13] . A single nucleotide polymorphism located 196 base pairs upstream of SR influences the PD onset [14] ; moreover, a fourfold increase in SR expression was reported in the brains of PD patients [15] . Two patients bearing mutations in SR were first reported in 2001 [16] . They displayed BH 4 -dependent monoamine neurotransmitter deficiencies without hyperphenylalaninemia. A murine model for SR deficiency was generated in 2006 [17] . SR -/-mice showed reduced levels of BH 4 and BH 4 -dependent neurotransmitters including dopamine, norepinephrine, and serotonin. These animals also exhibited PKU, dwarfism, and impaired body movement. Subsequently, it has been recognized that SR -/-mice exhibit elevated levels of autophagy [18] .
In this study, we characterized Drosophila SR mutants, generated from our laboratory [19] . SR lossof-function mutants display impaired activity in SR and dramatically reduced levels of BH 4 . We found that mutations in SR and the associated loss of SR activity resulted in hyposensitivity to oxidative stress and activation of the Akt pathway. Interestingly, expression of an inactive form of SR, SR T153D/Y166V , produced a modest rescue effect through the activation of the Akt pathway, as compared to the functional SR protein, suggesting that the catalytic activity of SR is linked to Akt signaling.
Materials and methods

Sepiapterin reductase activity assay for Drosophila extracts
Three-day-old adult flies were collected and homogenized in lysis buffer [100 mol/L potassium phosphate buffer (pH 6.0) and 2 mol/L PMSF]. Soluble proteins were collected by centrifugation at 20,000 × g for 15 min at 4°C. SR enzyme activity was assayed in 100 mol/L potassium phosphate buffer (pH 6.0) with 50 μM sepiapterin, 50 μM NADPH, and 50 μg of total protein at 30°C for 30 min in the dark. Reactions were stopped by adding 30% trichloroacetic acid and further incubated for 1 h under a dark condition after adding a solution containing 1% I 2 and 2% KI. Excess iodine was reduced by the addition of 2% ascorbic acid. A portion of the reaction mixture was analyzed by reverse-phase high-performance liquid chromatography (HPLC) using a C18 column (Inertsil ODS-3: 4.6 × 250 mm, GL Sciences, Tokyo, Japan), equipped with a fluorescence detector (Waters 474, Milford, MA, USA). The final reaction product, biopterin, was monitored by fluorescence detection using excitation and emission wavelengths of 362 and 435 nm, respectively.
Quantification of tetrahydrobiopterin from Drosophila extracts
The level of BH 4 was quantified using a differential oxidation method described previously [20] , with the following modification. Homogenized 3-day-old fly homogenates were processed in extraction buffer [20 mol/L Tris-HCl (pH 7.0), 0.1 mol/L EDTA, 10% glycerol, 0.1% Tween 20, and 1 mol/L DTT] and then analyzed by HPLC using the same conditions described above for biopterin in the SR assay.
Paraquat exposure
Two hundred and thirty male flies (3 days old) of each genotype were collected and divided into 23 vials each containing 10 flies. The flies were starved for 5 h and then transferred to vials containing 3 M filter paper that had been soaked in a 5% sucrose solution containing 20 mol/L paraquat (methyl viologen, Sigma-Aldrich, St. Louis, MO, USA). Subsequently, flies were maintained in the dark and the surviving fraction was recorded for every 3 h.
Site-directed mutagenesis
The catalytically inactive SR double mutant, T153D/Y166V, was generated by site-directed mutagenesis (Cosmo Genetech, Seoul, Korea). Threonine 153 at the active site was mutated to aspartate by changing the GAC codon to ACC. Tyrosine 166 was mutated to valine by changing the GTT codon to TAT. For the T153D mutation, 5′-GTGGT-TAATCTCAGCGACTTGGCAGCCATTGCA-3′ and 5′-TGCAATGGCTGC-CAAGTCGCTGAGATTAACCAC-3′ primers were used. For the Y166V mutation, 5′-TCCTCGATGGCACACGTTTGCACGGTGAAGGCA-3′ and 5′-TGCCTTCACCGTGCAAACGTGTGCCATCGAGGA-3′ primers were used. DNA was subsequently sequenced to verify the incorporated mutations.
Expression and purification of recombinant SR and SR
T153D/Y166V
Wild-type SR was cloned into the pET15b vector at the NdeI-BamHI site and transformed into BL21 (DE3) cells using the heat shock method. Transformants were grown in Luria-Bertani media, and expression of the recombinant SR protein was induced by the addition of 1 mol/L isopropyl-1-thio-β-d-galactopyranoside at A 600 of 0.5. After 4 h of incubation at 37°C, recombinant SR protein was purified from cell extracts using His·Bind resin (Novagen, Darmstadt, Germany) according to the manufacturer's protocol.
In vitro SR assay for recombinant proteins
Reaction mixtures were incubated at 30°C in 100 mol/L potassium phosphate buffer (pH 6.0), 50 μM sepiapterin, and 50 μM NADPH containing 5 μg of purified recombinant SR WT (wild type) or SR T153D/Y166V . Initial velocity was determined by measuring the consumption of the substrate, sepiapterin, spectrophotometrically at various time points at wavelengths ranging from 325 to 525 nm.
Generation of transgenic fly lines
The total RNA was isolated from wild-type flies using TRIzol reagent (Invitrogen, Waltham, MA, USA). cDNA was synthesized from 4 μg of total RNA using M-MLV reverse transcriptase (Promega, Fitchburg, WI, USA). The cDNAs for wild-type SR or the inactive mutant, SR T153D/Y166V
, were amplified by polymerase chain reaction and cloned into the pUAST-HA vector. P-element mediated germline transformations were performed according to the standard protocol [21] .
Immunoblot analysis
Protein extracts were prepared by homogenizing 3-day-old flies in lysis buffer [20 mol/L Tris-HCl (pH 7.5), 150 mol/L NaCl, 1 mol/L EDTA, 1 mol/L EGTA, 1% Triton X-100, and 1 × protease inhibitor cocktail from Merck Millipore]. Protein mixtures were separated by 10% SDS-PAGE and transferred to PVDF membranes (Millipore, Billerica, MA, USA). Target proteins were detected using the following primary antibodies: rabbit anti-p-Akt (1:1000; Cell Signaling, Danvers, MA, USA), rabbit anti-Akt (1:1000; Cell Signaling, Danvers, MA, USA), mouse anti-β-tubulin (1:3000; Sigma-Aldrich, St. Louis, MO, USA), or rat anti-HA (1:1000; Roche, Basel, Switzerland), and subsequently visualized using an HRP-conjugated secondary antibody.
Results
The SR Ex234 mutant
We previously generated a SR mutant in Drosophila by piggyBac transposon-mediated imprecise excision ( Figure 1A ) [19] and showed that the expression level of SR mRNA was reduced in the SR Ex234 mutant. As shown in Figure 1B , the relative specific activity from the SR Ex234 mutant was reduced significantly compared to that from the wild type. Furthermore, we examined whether the reduction in SR activity affects the level of BH 4 , the reaction product of SR. Despite the near complete reduction of SR mRNA and activity, the SR Ex234 mutant showed only about a 50% decrease in BH 4 levels ( Figure 1C) .
Sensitivity of the SR Ex234 mutant to oxidative stress
Because BH 4 can function as an antioxidant, we examined whether the SR Ex234 mutants are more susceptible to oxidative stress. The survival rate following exposure to 20 mol/L paraquat was monitored every 3 h. Unexpectedly, the SR Ex234 mutant appeared to be less sensitive to paraquat, as compared to the wild-type strain (Figure 2) . The time required for 50% lethality of the SR Ex234 mutant was significantly longer (50 h) than that required for the wild-type strain (30 h), suggesting that the SR Ex234 mutant is hyposensitive to oxidative stress.
Activation of the Akt pathway in the SR
Ex234 mutant
Since elevation of p-Akt in the muscle and liver of the SR -/-mice has already been reported previously [18] , we examined whether the level of p-Akt was also increased in the 
SR
Ex234 mutant. As shown in Figure 3A , Western blot analysis showed that the level of p-Akt was enhanced in the SR Ex234 mutant, similar to the observations made for SR -/-mice. Interestingly, however, the level of Akt, which was mutant returned to the wild-type levels by introducing the SR gene under the control of the Actin-Gal4 driver, which promotes the ubiquitous expression of the SR protein ( Figure 3A ).
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Catalytic activity of SR is important for Akt activation
We next investigated whether the catalytic activity of SR was important for the observed increase in p-Akt and Akt levels. Based on sequence alignments carried out between Drosophila and rat SR, we identified the two amino acids thr 153 and tyr 166 of Drosophila SR that correspond to ser 158 and tyr 171, which are essential for the catalytic activity of SR [22] . Therefore, we constructed a catalytically inactive form of SR T153D/Y166V
, in which thr 153 and tyr 166 were mutated to aspartate and valine, respectively, and purified ( Figure 3B ). The SR mutant was confirmed to be catalytically inactive ( Figure 3C and D) . Indeed, expression of the SR T153D/Y166V mutant under the control of the Actin-Gal4 promoter exhibited the rescue effect, compared to that of functional SR, suggesting that the catalytic activity of SR is responsible for the increased levels of p-Akt and Akt ( Figure 3A, lanes 3 and 4) .
Discussion
Despite the complete reduction of SR mRNA and SR activity in the SR Ex234 mutant, BH 4 decreased only a small amount in the mutant fly. This can be explained by the presence of enzyme systems that compensate for the function of SR. SR catalyzes the final reaction in the de novo pathway of BH 4 biosynthesis, in which SR converts 6-PTP to BH 4 via a two-step reaction. In the initial step, SR reduces the C-1′-keto group at the pyruvoyl side chain of 6-PTP, leading to the formation of 1′-hydroxy-2′-oxopropyltetrahydropterin. The intermediate is then converted to the 1′-oxo-2′-hydroxy compound by side chain isomerization. The 1′-oxo-2′-hydroxypropyltetrahydropterin, commonly called 6-lactoyltetrahydropterin, is then converted to BH 4 by the reduction of the keto group at C-1′ position. Previous studies have suggested that aldose reductase (AR) and carbonyl reductase (CR) can also catalyze the conversion of 6-PTP to BH 4 . AR is able to mediate the conversion of 6-PTP to 1′-oxo-2′-hydroxypropyltetrahydropterin and can also catalyze the conversion of the 1′-hydroxy-2′-oxo intermediate to BH 4 [23] [24] [25] . CR has been shown to mediate the conversion of 6-PTP to 1′-hydroxy-2′-oxopropyltetrahydropterin or 1′-oxo-2″-hydroxypropyltetrahydropterin [25] . In the salvage pathway, 1′-oxo-2′-hydroxypropyltetrahydropterin is non-enzymatically converted to sepiapterin, a substrate for SR and/or CR, which catalyzes the conversion to 7,8-dihydrobiopterin (BH 2 ). BH 2 can then be reduced to BH 4 by dihydrofolate reductase. As such, BH 4 can be synthesized in the absence of SR, which explains the moderate rather than the absolute reduction of BH 4 in the SR Ex234 mutant.
In a previous study involving SR -/-mice, a similar phenotype characterized by only a mild decrease in BH 4 levels (40.5% of wild type) was observed in the brains of the SR knock-out mice [17] . In contrast, a dramatic reduction of BH 4 (1.1% of wild type) was observed in the liver of the same mice. These data suggest that the AR and CR enzyme levels likely differ in the brains and livers of mice, being abundantly available in the brain, but not in the liver.
The SR Ex234 mutant displayed an elevation of both p-Akt and Akt, which are key regulatory proteins involved in many important cellular signaling pathways. This contrasts with the result from SR -/-mice in which only p-Akt was elevated. This difference may be due to the difference in the model organisms. Generally, activation in the Akt pathways is achieved by the phosphorylation of Akt. When we expressed exogenous SR in the SR Ex234 mutant, we found that ubiquitous SR expression restored the Akt pathway. Supplementation of BH 4 in the fly media, however, is not feasible because BH 4 is readily oxidized to BH 2 in aqueous solution [26] .
Our studies demonstrate that the catalytic activity of SR is important for the regulation of the Akt pathway. Expression of SR T153D/Y166V showed a little rescue effect compared to that of functional SR, suggesting that the catalytic activity of SR was indeed responsible for the increase in Akt protein levels. Activation of the Akt pathway in the SR Ex234 mutant could have been due to the decrease in the level of BH 4 because the latter can serve as an antioxidant [6, 7] and therefore could have increased the level of oxidative stress. Indeed, reactive oxygen species, such as H 2 O 2 , are known to stimulate the Akt pathway [27] . Thus, the decreased level of BH 4 may explain the observed activation of the Akt pathway.
Interestingly, our SR Ex234 mutant was found to be hyposensitive to paraquat compared to the wild-type strain. This can be attributed to the activation of the Akt pathway in our SR Ex234 mutant, since activation of the Akt pathway can protect cells from oxidative stress [27] . Activation of the Akt pathway confers a survival advantage to paraquattreated SR Ex234 mutant flies. Therefore, the SR Ex234 mutant was more resistant to oxidative stress, such as paraquat exposure. Akt is a central protein in various cellular signaling pathways and plays a critical role in diverse cellular processes such as apoptosis, protein synthesis, glucose metabolism, and cell proliferation. Despite the changes to the Akt protein levels in our SR Ex234 mutant, no substantial phenotypic changes were observed in our flies, which made it difficult to determine the physiological impact of Akt activation caused by SR deficiency.
